Introduction
Cytochromes P450 (P450) are important enzymes for metabolizing drugs and xenobiotics (Guengerich, 2003) . Alteration of their activities through inhibition, inactivation and/or induction can lead to drug-drug interactions (DDI) (Obach et al., 2006; Chu et al., 2009; Grimm et al., 2009) . DDI can result in increasing variability of drug exposure in the patient population, the need for dose adjustment to ensure safe and efficacious therapeutic doses (Ogu and Maxa, 2000) , and/or can lead to severe adverse events, such as torsades de pointes as observed with terfenidine (Honig et al., 1993) . A central component in providing more predictive models of DDI involving enzyme inactivators and/or inducers (Mayhew et al., 2000; Yamashita et al., 2013) , is the degradation rate of P450s. In parallel, regulators are open to applying predictive models of DDI as a viable alternative to conducting clinical studies (Zhao et al., 2011) .
The reported turnover half-lives for CYP3A are highly variable (Yang et al., 2008) ranging from 10 to 140h. Both EMA and FDA regulatory guidance documents recognize that k deg values have not been unambiguously determined and recommend that a sensitivity analysis is performed to investigate potential DDI based on in vitro time dependent inactivation (FDA, 2012) . EMA further recommends the use of an in vivo derived k deg value if possible (EMA, 2012) . Generating an accurate in vivo k deg value has proven difficult in humans (Yang et al., 2008) , thus requiring the use of indirect measurements of k deg as a surrogate. These have been measured by following de-induction profiles after rifampicin (Fromm et al., 1996 ;Yang et al.,
enzymes can be induced by the same nuclear receptor pathway. Attempts have also been made to derive a k deg value from enzyme recovery after inactivation (Yang et al., 2008) .
Experimental approaches to determine k deg values have included in vitro systems such as human hepatocytes or liver slices. Studies monitoring the apoprotein and activities of several P450s in human liver slices provided initial evidence that there can be differential loss of P450 (Renwick et al., 2000) . Caveats in this approach include the assumption that de novo enzyme synthesis is not occurring during the assessment of degradation and that loss of cell viability or de-differentiation are not contributing to loss of protein.
A number of studies have consistently shown a pronounced loss of hepatic phenotype and enzyme activity for drug metabolizing enzymes (DME) in hepatocytes with time in culture (Hamilton et al., 2001; LeCluyse, 2001; Pichard-Garcia et al., 2002; Rodriguez-Antona et al., 2002) . Despite modifications to culturing techniques which have improved viability and stability of hepatocytes, such as addition of extracellular matrix over hepatocytes (sandwich) or use of low levels of dexamethasone, there is still a narrow window of use, with significant and differential loss of DME activity (Hewitt et al., 2007) . Human HepatoPac (Khetani and Bhatia, 2008) retains elevated and stable P450 enzyme activity for an extended period of time. This hepatocyte model has been useful for accurate metabolite profiling (Wang et al., 2010) and for predictions with low clearance drugs D M D # 6 5 3 2 6 P a g e | 7
1997; Morgan et al., 2008) . In this study, both siRNA and IL6 treatments were used to lower CYP3A levels. siRNA and IL6 treatments act by suppressing levels of mRNA, albeit through different mechanisms (Fire et al., 1998; Hammond et al., 2000; Yu, 2007; Morgan, 2001; Morgan et al., 2008) . During the decline and recovery phases, accurate k deg values for CYP3A (mRNA and enzyme) were obtained. Since the rate of protein synthesis is dependent on the rate constants of both mRNA and protein (Hargrove and Schmidt, 1989) , simultaneously fitting the recovery data allowed for estimation of the synthesis rate for mRNA. This approach should be applicable to directly measure k deg values of other drug metabolizing enzymes for inactivation and induction and also for induction of transporters, for use in DDI predictions. was used (hHPM). The plates were cultured in an incubator with 10% CO 2 and 99% relative humidity at 37°C. Culture medium was replaced every 2 days (400 µL per 24 well or 64 µL per 96 well) prior to incubation with siRNA, IL6 and probe substrates. HepatoPac cultures were maintained in hHCM with 10% serum for 9 days post seeding prior to siRNA or IL6 treatment.
siRNA treatment
At day 9 post seeding siRNA treatment was initiated. Dharmacon Smart Pool Accell
TM
RNAi was used at a concentration of 1 µM as outlined in the product kit insert, and as previously described (Ramsden et al., 2014b) . At 30 minutes, 24, 48 and 72h after siRNA treatment, cells were washed and enzyme activity was assessed under linear time point conditions.
IL6 treatment
At day 9 post seeding IL6 treatments were initiated. IL6 was prepared to the desired incubation concentration in hHCM containing 10% bovine serum. Solutions containing IL6
were refreshed daily (400 µL per 24 well or 64 µL per 96 well). Enzyme activity was determined by removing hHCM containing IL6 and washing the cells once with hHPM as described. Using an ELISA kit (Sigma Aldrich, St. Louis, MO) to measure IL6 levels the concentrations of IL6 were maintained over the length of the dosing period (data not shown). 
The first step was preparation of cDNA by reverse transcription of 200 ng total RNA. The RNA concentration of each sample was measured in triplicate using a Nanodrop2000 spectrophotometer (Thermo, USA). Comparative (quantitative) PCR assay was conducted using a 7900 Real Time PCR System (Applied Biosystems) and a custom designed Taqman low density array (TLDA) (Ramsden et al., 2014b) . Relative mRNA levels were determined from three different donors by combining triplicate samples and analyzing in duplicate (intra-assay variability).
LC/MS Conditions
Samples were analyzed for metabolite production on a 4000 Qtrap (AB Sciex, Thornhill, Ontario, Canada) attached to either a CTC PAL autosampler (Leap Technologies, Carborboro, NC) with Shimadzu or Perkin Elmer pumps or a Waters Acquity UPLC system (Milford, MA). 
Data analysis and half-life (t 1/2 ) calculations
The MS peak areas of metabolites and the internal standards were obtained. The standard curves for metabolite formation were produced by weighted (1/x 2 ) linear regression of analyte to internal standard peak area ratio versus the nominal concentrations of analyte standards.
In order to assess the stability of CYP3A over culture time, rates of formation of 1'OHmidazolam and 6β-OHtestosterone were determined at various time-points. Rates of formation were scaled to 1x10 6 cells using equation 1.
Equation 1.
In vitro formation rate =
Two equations were used in order to derive the degradation rate of CYP3A from the time-course depletion experiment GraphPad Prism 6 (GraphPad Software Inc.; San Diego, CA).
In the first approach linear regression was used and the percent of metabolite after IL6 or siRNA treatment relative to the control (untreated) was transformed by taking the natural logarithm (LN). Data were graphed by plotting the LN percent of control remaining on the y-axis and incubation time (h) on the x-axis. Half-life (t 1/2 ) values for CYP3A protein, representative of k deg , were derived from the slope (k) of linear regression using Equation 2.
At steady-state, the synthesis rate is equal to the degradation rate for both mRNA and enzyme.
Thus,
Combining Equation 7 and 8 with Equation 9 and 10 and replacing RNA and E in Equation 7 and 8 with RNA'( RNA/RNA 0 , the amount of RNA relative to control) and E'(E/E 0 , enzyme activity relative to control), Equation 11and 12 can be obtained.
The enzyme recovery kinetic data were analyzed with 
Results
Stability and reproducibility of CYP3A enzyme activity. To determine whether the HepatoPac model maintained appropriate and constant levels of CYP3A over the treatment period, the longevity and reproducibility of enzyme activity was monitored. Markers of CYP3A activity included both testosterone 6βhydroxylation, Graph A ( Figure 1 ) and midazolam 1'hydroxylation, Graph B (Figure 1 ). Using two separate preparations of the same donor hepatocytes, enzyme activity was captured at time points spanning 28 days in culture. A oneway ANOVA test was run against all measurements using GraphPad Prism v6 and indicated that there was no statistical difference between repeat measurements determined on different days.
Additionally, the percent difference between measurements was calculated by comparing the rates on each day with the rates determined from the measurement before. This analysis, Graph Impact of IL6 treatment on multiple DME gene targets. In order to confirm that IL6 works through depletion of mRNA levels, a handful of DME gene targets, previously shown to be modulated by IL6, were analyzed after various time points of exposure. Levels of CYP2C9, CYP3A4, UGT1A1, ABCB1 and SLCO1B1 followed similar rates of decline after exposure to IL6 (Figure 2 ), in contrast the house-keeping gene GAPDH did not show any change in level upon addition of IL6. The estimated half-life value determined from the three time-points before complete loss of CYP3A4 mRNA was observed was 1.9h.
Enzyme activity of CYP3A during exposure to IL6. CYP3A enzyme activity was determined after exposure to IL6 for 24, 48, 72 and 96 hours, in five different donors (demographics in Table 1 ). Treatment of all donors with 1,000 or 10,000 pg/mL IL6 resulted in time dependent loss of CYP3A activity with total loss in activity occurring by 96 hours. The percent of activity remaining at each time point was fit to linear and non-linear regression models as presented in Figure 3 . The average half-life for CYP3A activity and corresponding degradation rate for each donor is presented in Table 3 . The average rate of degradation determined by this method was 0.0240 ± 0.005 h -1 .
Recovery of CYP3A4 after IL6 treatment. The kinetic data for CYP3A enzyme recovery upon removal of 1,000 pg/mL or 10,000 pg/mL of IL6 were first analyzed with a model which considers only the synthesis and degradation of CYP3A enzyme. The initial CYP3A4 enzyme level immediately after removal of 1,000 pg/mL and 10,000pg/mL of IL6 treatment were determined to be 7.4% and 3.6% of the control, respectively. These initial state conditions were used in model fitting and the results are shown in Figures 4A, 4B , and Table 4 . By visual inspection of the simulated vs observed data, the data, especially early time-points, were not well-recovered by the model. In addition, the estimated k deg values were 0.0131 and 0.0111 h -1 , which were more than 2-fold lower than the k deg value estimated using the enzyme depletion approach (k deg =0.0316 h -1 for donor 4). Both observations suggested that this model (Equation 6) was not a good model to explain the CYP3A enzyme recovery after removal of IL6 treatment.
To capture these dynamics, a model which considers the synthesis and degradation of both CYP3A mRNA and enzyme (Equation 11 and 12) was fit to the enzyme recovery kinetic data.
The initial CYP3A mRNA levels, after removal of 1,000 pg/mL and 10,000 pg/mL of IL6, were both assumed to be 0. The initial CYP3A enzyme levels, after removal of 1,000 pg/mL and
10,000 pg/mL of IL6, were as previously described. after removal of 1,000 pg/mL and 10,000 pg/mL of treatment, respectively. These values were close to the reported CYP3A mRNA degradation constant (0.0282 h -1 ) (Yamashita et al., 2013) .
Using this literature reported k deg,RNA (0.0282 h -1 ), the degradation constant of CYP3A enzyme (k deg ) was estimated to 0.0335h -1 and 0.0231 h -1 for removal of 1,000 pg/mL and 10,000 pg/mL of treatment, respectively, which are also close to the CYP3A enzyme degradation constant determined with the depletion approach (0.0316 h -1 for donor 4). By visually comparing the observed vs simulated data and also comparing the AIC values for both models, the model (Equation 9 and 10) which considers the synthesis and degradation of both CYP3A mRNA and enzyme was considered to be a better model for CYP3A recovery upon removal of IL-6 than the model considering only the synthesis and degradation of CYP3A enzyme (Equation 6).
Comparison of IL6 and siRNA treatment on derivation of CYP3A4 degradation rate. In one donor a comparison was made between the degradation rates calculated after siRNA targeting CYP3A4 or IL6 treatment (10,000 pg/mL). Both methods resulted in comparable rates of degradation, 0.0322 h -1 for siRNA compared with 0.0383 h -1 for IL6 ( Figure 5 ).
Discussion
Various methods for predicting DDI with enzyme inactivators have been developed, including both static and semi-physiological models (Galetin et al., 2006; Grimm et al., 2009; Obach et al., 2007; Einolf, 2007; Fenneteau et al., 2010; Quinney et al., 2010) , each relying on k deg for the enzyme as a key input parameter. As physiologically based pharmacokinetic modeling is more routinely applied to predict complex drug interactions, many researchers have noted improved prediction accuracy when using a CYP3A k deg of 0.03 h -1 (Friedman et al., 2011; Wang, 2010; Yamashita et al., 2013) , determined from the time- assuming that the changes in enzyme activity reflect degradation of the CYP3A4 protein CYP3A4 levels were modulated with siRNA and IL6 treatment resulting in a >90% loss of mRNA ( Figure 2 ) at 6h and undetectable levels at time points after 6h. There was concomitant loss (~98%) of enzyme activity ( Figure 3 ). The estimated half-life for CYP3A4 mRNA degradation, in the presence of IL6, was 1.9h, with total loss (>90%) observed by 6h.
The longevity of the HepatoPac model enabled a recovery leg such that, upon removal of
( Figure 4 ). Since the mechanism behind IL6 mediated suppression of CYP3A is by depletion of mRNA levels, it was not surprising that the kinetic data for CYP3A enzyme recovery fitted better to the model which considered recovery of both CYP3A mRNA and protein. When the degradation value of 0.0316 h -1 was used to project the rate of mRNA synthesis (and degradation), after removal of IL6, k deg,RNA was estimated to be 0.0296 h -1 and 0.0213 h -1 for removal of 1,000 and 10,000 pg/mL ,respectively, which are consistent with a previously reported CYP3A mRNA degradation constant of 0.0282 h -1 (Yamashita et al., 2013) . The longevity of HepatoPac cultures should also lend themselves to the conduct of pulse-chase experiments as a fundamental approach to determine protein degradation (Zhou, 2004) .
A similar treatment regimen (siRNA) has been used to effectively suppress CYP3A4 levels in order to evaluate possible protein-protein interactions between CYP2C9 and CYP3A4 (Ramsden et al., 2014b) . In this model, CYP2C9 activity increased upon lowering of CYP3A4 levels and then returned to pre-treatment activities following restoration of CYP3A4 levels (after removal of siRNA). These experimental paradigms suggest that normal regulatory control of P450 expression is occurring in the HepatoPac cultures.
The degradation value of 0.0240 h -1 for CYP3A4, representing a t 1/2 of 29h, is in agreement with values obtained by Yang et al. 2008 (26h) using data generated in hepatocytes and liver slices. Additionally, improved prediction accuracy has been noted using a similar k deg value in PBPK modeling (0.03 h -1 ) (Friedman et al., 2011; Quinney et al., 2010; Wang, 2010; Yamashita et al., 2013) . As discussed in detail by Yang et al (2008) , a number of approaches have been applied to estimate half-life of P450 degradation. Half-life values obtained by these methods include following clinical markers of P450 activity such as 6β-hydroxy cortisol formation during induction (72h; (Tran et al., 1999) , in vivo mechanism based
inhibition of CYP2D6 by paroxitene, as assessed by dextromethorphan metabolism (51h; (Venkatakrishnan and Obach, 2005) , and in human hepatocytes assessing CYP1A2 by deinduction (51h; (Diaz et al., 1990 ).
In the current study, k deg was determined by direct measurement in hepatocytes from 5 human donors, which provided a range of t 1/2 values from 22-39h with a calculated mean value of 29h. A possible contributor to the variability in the k deg value for CYP3A is the variable contribution of CYP3A5 to enzyme activity, depending on the donor phenotype. The hepatocytes used in the current study were determined to be representative of the overall population with respect to CYP3A5 expression. There is evidence that IL6 can also effectively reduce CYP3A5 levels (Dickmann et al., 2011) . In contrast, CYP3A4 siRNA specifically targets CYP3A4 and hence CYP3A5, if active, would not be down-regulated. Genotyping of donors 2, 3 and 5 was performed which indicated that only donor 2 expressed CYP3A5 (*1*3).
There is a strong correlation between genotype and phenotype of CYP3A5 (Lin et al., 2002) .
CYP3A4 and CYP3A5 have overlapping substrate specificities (Lamba et al., 2002) and both enzymes can produce 1'OH-midazolam from incubations with midazolam. CYP3A5 expression is highly variable in humans, with readily detectable levels in 25 to 30% of the population and very low or undetectable levels in the remainder (Wrighton et al., 1990; Wrighton et al., 2000; Paine et al., 1997) . In these studies, there was clearly a longer t 1/2 from donor 2, where there may be an overlapping contribution of CYP3A5 to the formation of 1'OH midazolam (Table 3) . Donors 3 and 5 did not have functional CYP3A5 (*3*3), and the half-life values of CYP3A were 32.3 and 25.2, respectively. Using the genotyping information, the CYP3A4 specific t 1/2 was determined to be 27.2 ± 5 h upon removal of donor 2. In donor 4, where comparisons were made between both approaches to suppress CYP3A4, genotyping studies were
not performed to determine whether this donor expressed active CYP3A5 (*1*1 or *1*3). There was no significant variation in the degradation rate obtained for donor 4 using both methods (0.0322 h -1 , IL6 and 0.0383 h -1 , siRNA) suggesting that CYP3A5 is not a major component of overall CYP3A content in this individual ( Figure 5 ). CYP3A5 *1*1 has a low frequency (~1.7%) and was not evaluated during these studies.
Typically studies evaluating mechanism based inhibition use pooled HLM which represent the overall population (Grimm et al., 2009; Obach et al., 2007) . As such, inactivation parameters do not differentiate between CYP3A4 and CYP3A5. Similarly, when predicting clinical outcomes for CYP3A substrates, such as midazolam, the effect on the overall population is determined rather than the relative effects on CYP3A4 and CYP3A5. Since the hepatocyte donors used to derive the t 1/2 and k deg values in this study are representative of the overall population (~20% CYP3A5 expressors), the recommendation from these data is to use the CYP3A population k deg value of 0.0240 h -1 . This value will cover the degradation rate for ~99% of the population.
It is thought that IL6 modulates mRNA levels through a receptor mediated cascade while siRNA directly targets mRNA levels (Elbashir et al., 2001; Morgan et al., 2008; Scherr et al., 2003) although the possibility that IL6 may affect the rate of protein degradation in ways other than mRNA down regulation cannot be excluded. Both methods rapidly reduce mRNA levels.
Hence, the rate of protein degradation is the rate limiting step. Therefore, the loss of enzyme activity observed over time should be reflective of the half-life of the protein being measured.
An advantage of the current approach is that the degradation rate was determined in the absence of protein re-synthesis, due to the presence of IL6 and siRNA. Additionally, the degradation and synthesis rates for CYP3A4 were calculated using a more direct route of measurement,
independent of half-life of substrate or inducing agents, using an in vitro system capable of maintaining long-term normal regulatory control of P450 expression. Legends for Figures   Figure 1 : Stability of CYP3A enzyme activity over time in donor 3. Each experiment included n=4 data points for each time-point. Measurements of Graph B, 1'OH midazolam and Graph A, 6'βOH testosterone were used as a marker of CYP3A activity under linear time conditions. Graph C shows the % difference between rates of formation between days. One-way Anova testing determined no significant difference between repeat data points. Visibly the activity decreased at some points on Days 24 and Day 28.
Figure 2: Impact of IL6 treatment on mRNA levels. Data represent mean values from n=2 donor treatments, each containing (3 inter-assay pooled replicates and 2 intra-assay replicates). Graph A shows decreases in mRNA levels for a handful of drug metabolizing targets shown in literature to be down-regulated by IL-6. GAPDH levels were measured as a negative control. Graph B shows the natural logarithm of the percent of CYP3A4 control which was used to calculate the half-life.
Figure 3: CYP3A activity in 5 human donors, measured by 1'OH midazolam formation n=3 per treatment time), total n=6 (n =3, 1,000 and n=3, 10,000 pg/mL IL6). Activity is expressed as a percentage of the untreated control (0 pg/mL IL6). Graph A, natural logarithm of the percent of control. The slope of the loss of enzyme activity was used to calculate the half-life (
which is equal to the rate of degradation. Graph B, one phase exponential decay equation using the mean and standard deviations generated from donors 1, 2, 3, 4 and 5. The natural logarithm of percent of 0 pg/ml IL6 treatment was applied to derive the slope for calculation the half-life of enzyme activity, which is equal to the rate of degradation. The axis on the inset graph is split so that the earlier time-point for siRNA activity can be visualized. This article has not been copyedited and formatted. The final version may differ from this version. 
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